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Abstract 
This paper presents a tomographic approach based on capacitive and ultrasonic sensor arrays to monitor multiphase liquid mix-
tures. The approach aims for the localization of variable phase boundaries and the physical characterisation of spatially distrib-
uted phases. Favouring a real time processing a reduced number of transducers in combination with a fast linear modelling is 
used. Theoretical and experimental results of a layered 3-phase-system illustrate the potential and limit in physical resolution. 
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
In-process control e.g. of liquid reactions in chemical industry by single point inspection is adequate as long as 
process uniformity can be assumed [1]. However, local deviations, gradients, inhomogeneities or hotspots within the 
process medium can not be detected adequately. Thus, the need of information describing the tempo-spatial distribu-
tion of medium related process parameters becomes progressively important in order to control also sophisticated 
processes [2]. Such an applicable measurement technique needs to fulfil different demands. On the one hand dis-
similar physical properties must be mapped sufficiently. Moreover, larger process volumes must be probed with 
adequate spatial and temporal resolution. Not least, the sensing system should be robust. 
In this context the contribution presents a non-invasive approach of a combined acousto-capacitive sensor array 
(Fig. 1.1). It is used for monitoring of liquid multiphase systems in order to localize variable phase boundaries and 
to characterise the phases. Although several contributions on ultrasonic [1, 3] and capacitive [4] process tomography 
already exist, they are limited to applications such as the interface detection of flowing media (oil industry) or simu-
lation studies on imaging [5]. In fact the presented method does not aim for the visualisation of the process volume 
but reduces the tomographic data exclusively for detection of interfaces and the physical characterisation of irregular 
phase regions. Here the acquisition of the acoustic impedance and the permittivity [4, 6] with 40 frames per second 
(DN100 diameter) provides an enhanced data basis, which afford the extraction of the interesting process values in 
real time.  
* Corresponding author. Tel.: +49-391-9901-430; fax: +49-391-9901-490. 
E-mail address: sebastian.woeckel@ifak.eu. 
c© 2010 Published by Elsevi r Ltd.
Procedia Engineering 5 (2010) 268–271
www.elsevier.com/locate/procedia
1877-7058 c© 2010 Published by Elsevier Ltd.
doi:10.1016/j.proeng.2010.09.099
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
2 Sebastian Wöckel/ Procedia Engineering 00 (2010) 000–000 
2. Model 
The non-invasive approach uses an acoustic and a capacitive sensor array which elements are distributed along the 
circumference of a pipe to monitor and characterize liquid mixtures and multiphase flow (Fig. 1.1). Whereas the 
acoustic probe is applicable on a variety of different pipe materials, the capacitive probe can be used for non con-
ducting materials only. Based on the propagation of a pressure wave pij with continuous excitation of f=2.25MHz 
the information on the distribution of the sound velocity c and the ultrasonic attenuation Dwithin the media between 
transmitter i and receiver j can be gained. The change of the electrostatic partial capacitance 'Ckl delivers the distri-
bution of the permittivity H(r) in the process volume. 
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The initial investigations concentrate on the characterization of 3 horizontally layered flowing media with irregu-
lar interfaces. Favouring a real time processing a reduced number of transducers is used (acoustic: 8, capacitive: 16, 
Fig 1.1). Simulations of the electrostatic field distribution and sound propagation in liquid media with finite element 
models are used as data basis for theoretical investigations and parameter studies. The verification is carried out on 
an experimental rig for inline-analysis of flowing liquids up to a pipe diameter of 100 mm. 
3. Acoustic mode 
3.1. Linear backprojection 
The liquid analysis with ultrasonic waves is an advantageous measurement approach due to its non-invasive na-
ture, easy handling and fast operation. The complete information of an unknown liquid medium is contained within 
the scattered, reflected or transmitted pressure waves (p-waves), so that typically density, sound velocity, elasticity 
or temperature along the corresponding sound path can be determined [2]. Additionally the effective acoustic at-
tenuation can provide information on dispersive fractions (particle) [6]. 
Based on the superposition and migration of different transmission paths an additional increase in spatial (radial) 
resolution can be obtained. The current system uses a direct linear backprojection real-time algorithm including all 
direct sound paths [6], where the real time processing is achieved by weighting the continuous wave sound intensity 
S of all transmission paths ij with an acoustic sensitivity matrix Msens.
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Fig. 1.1. Cross-section of a process pipe (DN100) with array of acoustic (8 
ultrasonic transducer) and capacitive (16 electrodes) sensors placed on the 
pipe wall: d – mean phase dimension, U – density, c – sound velocity, H -
permittivity,D -adsorption, 'Ckl – capacitive variation, r – position vector, 
p – pressure, a(Z) – transmitted signal, bT(Z) – received signal; with illus-
tration of one transmission line between transducers i and j.
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Fig. 1.2. Linear ultrasonic back projection of an oil 
phase (U2 = 1110 kg/m³, c2 = 1352 m/s, D= 34 
1/m) in homogeneous water (U̧̓ = 988 kg/m³, 
c1=1480 m/s, Ḑ= 0.115 1/m); a) influence of the 
object, b) shadow pattern, c) transducer. 
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Fig. 2.1. Mason graph model describing the wave propagation 
within the layered structure (Fig. 1.1). T – transmission, * – re-
flection, d – layer thickness, Zi – acoustic impedance. 
Fig. 2.2. Segment of bT(t) relative to impinging amplitude:
model (continuous line) and measurement (dashed line) with
laboratory setup of da=d1+d2+d3=20 mm and d2=12 mm. 
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Figure 1.2 exemplifies the reconstructed image M  of a circular oil inhomogeneity (Uimage 2, c2) within a homoge-
neous water medium (U1, c1). Although the influence of the inhomogeneity (a in Fig. 1.2) can be detected the resolu-
tion of a real time projection with a sensitivity matrix of continuous wave data is limited due to the reduced number 
of transducers. The dimensions of the active transducers area (d=6mm) and the directivity lead to narrow fan shaped 
sound fields with masked areas in the surrounding of the transducers. Further the under-determined equation system 
due to the reduced number of transducers in relation to the number of image pixels causes shadow pattern of the 
object (b in Fig 1.2). More detailed analysis concerning the theoretical spatial resolution of such a simple direct re-
construction method have shown that phase domains in the range smaller than the size of the transducers active area 
can not be located with sufficient accuracy. Hence the boundary localisation requires transient impulse measurement 
and an adequate migration algorithm (Kirchhoff- or Stolt-Migration) with increased processing time. In special 
cases where a layered flow system is assumed this additional processing time can be avoided when using the re-
duced parameter description by linear modelling of the transfer-sound-propagation [7] (following section). 
3.2. Linear model of sound propagation 
Regarding the system of a multi layer medium (Fig 1.1) and assuming a lateral dimension of the material under 
test larger than the diameter of the transducers the problem can be reduced to a one dimensional model with layer 
thicknesses di (Fig. 2.1). Due to that simplification a signal oriented model can be used to describe the generation 
and propagation of ultrasonic waves for each direct transmission path ij. In Figure 2.1 all signal paths between the 
transmitter and the receiver are represented by a linear Mason-graph. It includes the impinging a(Z) and transmitted 
bT(Z) normalized ultrasonic waves, the coefficients of the physical transmission (Ti) within the layers and the reflec-
tion (*i) at the acoustic interfaces with perpendicular incidence and the transformation of the signal by the transduc-
ers. Considering all paths in the graph (Fig. 2.1) an analytical transfer function can be derived [7]. Based on the 
comparison of a measured signal with this analytical model the physical parameters (density U, wave propagation 
speed c and layer thickness d) of an unknown layer system are predicted by a direct optimization algorithm in real-
time (Fig. 2.2). The parameter estimation forms the processing kernel of the presented method. Up to a number of 3 
layers the processing needs less than one second with a theoretical localisation precision of 'di = 100 µm [7] on a 
conventional desktop computer. 
4. Capacitive mode 
The capacitive measurement delivers a value that is influenced by the integral cross-sectional distribution of the 
permittivity, hence it is applicable to monitor a volume. Due to the underdetermined equation system likewise a lin-
ear assumption has to be made whereby the reconstructed intensity image G does not directly relate to the real per-
mittivity distribution İ(x,y). Thus, the reconstruction of the capacitive data is performed by an algorithm that as-
sumes a linear relation between the measured capacitance CP and the estimated intensity G using a sensitivity matrix
S (4 a) [5]. To converge the intensity image to the real permittivity distribution the capacitance matrix is normalized 
to the maximum permittivity range by two calibration measurements with homogeneous media providing highest İH
and lowest İL permittivity (4 b) [8]. 
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Fig. 3. a) Simulation: Distribution of sensitivity discretization used for reconstruction of capacitive data (pipe: DN100), b) meas-
urement: reconstruction snapshots of 2 phase flow with different water filling level (20, 35, 55) mm, c) Intensitiy image of ca-
pacitive data (16 electrodes) of a 3-phase-system with filling levels of 20 mm water, 65 mm oil and 15 mm air. 
air
water
The sensitivity matrix itself (4 c) is determined by numerical calculations of the electrostatic field distribution (Fig. 
3 a) in case an object of highest permittivity is located at P(r,ĳ) within a homogeneous medium with lowest permit-
tivity. The size of the object is adapted to the radial dependent sensitivity and forms a benchmark for the localisation 
uncertainty. Figure 3 c shows the reconstruction of the normalized permittivity distribution of a layered 3-phase-
system consisting of 20 mm water, 65 mm oil and 15 mm air. The dashed lines represent the real position of the 
interfaces. The quality of the interface localisation depends on the permittivity contrast on one hand and the radial 
position on the other. Hence a water interface with high permittivity is located with neglectable deviations but the 
nearly exponential decreasing sensitivity to the pipes centre still leads to a virtual curving of the reconstructed inter-
face (Fig 3 b). This curving effect rises the lower the permittivity contrast becomes (see Fig 3 c: oil interfaces). 
5. Results
For now the presented results of the acousto-capacitive tomography are limited to the characterisation of 3 un-
known layered media with irregular interfaces within a pipe. Favouring a fast measuring speed and a real time proc-
essing the number of sensors is limited to the task. The acoustic mode delivers information on the distribution of the 
sound velocity c, density U and adsorption D of the media. The partial capacitances 'Ckl yield the distribution of the 
permittivity H(r) within the process volume. Here, with a mean sensitivity of 'C = 4 fF, the capacitive mode delivers 
a prediction on the presence of thin layers near the electrodes in the range of 'd = 4 mm (Fig. 1.1). The decrease of 
sensitivity towards the pipe centre does not support a localisation in the same range (Fig. 3a). Accordingly the inter-
face localisation is performed on the basis of the ultrasonic data (Fig. 2). Herewith exemplarily an accuracy of ap-
proximatly 2 mm in silicon oil can be gained. Thereby using simple ultrasonic transmission path an in-line full-
characterization of an unknown multiphase with varying planar or slight curvilinear liquid interfaces can be realized 
in case the dimensions of the phases are larger than the effective surface of the ultrasonic transducers and the varia-
tion of the interfaces due to flow can be neglected compared to the measurement speed.
Regarding the theoretical boundaries of the combined acousto-capacitive system concerning the sensitivity and 
the measurement speed a multiphase flow in pipes up to a diameter of DN150 can be monitored with an accuracy of 
the layer localisation of 'd = 4mm. 
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